Rearrangement of the actin cytoskeleton is essential for dynamic cellular processes. Decreased actin turnover and rigidity of cytoskeletal structures have been associated with aging and cell death. Gelsolin is a Ca 2ϩ -activated actin-severing protein that is widely expressed throughout the adult mammalian brain. Here, we used gelsolin-deficient (Gsn Ϫ/Ϫ ) mice as a model system for actin filament stabilization. In Gsn Ϫ/Ϫ mice, emigration of newly generated cells from the subventricular zone into the olfactory bulb was slowed. In vitro, gelsolin deficiency did not affect proliferation or neuronal differentiation of adult neural progenitors cells (NPCs) but resulted in retarded migration. Surprisingly, hippocampal neurogenesis was robustly induced by gelsolin deficiency. The ability of NPCs to intrinsically sense excitatory activity and thereby implement coupling between network activity and neurogenesis has recently been established. Depolarization-induced [Ca 2ϩ ] i increases and exocytotic neurotransmitter release were enhanced in Gsn Ϫ/Ϫ synaptosomes. Importantly, treatment of Gsn Ϫ/Ϫ synaptosomes with mycotoxin cytochalasin D, which, like gelsolin, produces actin disassembly, decreased enhanced Ca 2ϩ influx and subsequent exocytotic norepinephrine release to wild-type levels. Similarly, depolarization-induced glutamate release from Gsn Ϫ/Ϫ brain slices was increased. Furthermore, increased hippocampal neurogenesis in Gsn Ϫ/Ϫ mice was associated with a special microenvironment characterized by enhanced density of perfused vessels, increased regional cerebral blood flow, and increased endothelial nitric oxide synthase (NOS-III) expression in hippocampus. Together, reduced filamentous actin turnover in presynaptic terminals causes increased Ca 2ϩ influx and, subsequently, elevated exocytotic neurotransmitter release acting on neural progenitors. Increased neurogenesis in Gsn Ϫ/Ϫ hippocampus is associated with a special vascular niche for neurogenesis.
Introduction
Cytoskeletal remodeling in response to stress constitutes a fundamental adaptive mechanism in eukaryotic cells: a less dynamic actin cytoskeleton is unable to respond effectively to changing internal and external demands (Gourlay and Ayscough, 2005) . Whereas increased turnover of filamentous (F)-actin promotes longevity, decreased actin turnover and rigidity of cytoskeletal structures have been associated with aging and cell death (Wang and Gundersen, 1984; Prinjha et al., 1994; Gonos et al., 1998; Gourlay and Ayscough, 2005) . Defects of the cytoskeleton have also been implicated in the etiopathogenesis of neurodegenerative conditions such as Alzheimer's dementia, Huntington's disease, fragile X mental retardation syndrome, severe epileptic seizures, and stroke (Furukawa et al., 1997; Endres et al., 1999; Fulga et al., 2007; Lynch et al., 2008) .
Gelsolin is a Ca 2ϩ -activated actin binding protein that severs F-actin filaments by breaking noncovalent bonds between actin monomers in a polymer. This results in high-affinity complexes of gelsolin, which remains bound to the barbed ends of filaments inhibiting extension ("capped" filaments) (Janmey and Stossel, 1987; Kinosian et al., 1998) . On a reduction in free intracellular Ca 2ϩ levels and in the presence of polyphosphoinositides, gelsolin is released from the barbed ends, providing sites for rapid actin filament extension (Janmey and Stossel, 1987) . Gelsolin is the most potent actin filament severing protein identified to date (Sun et al., 1999) . Gsn Ϫ/Ϫ mice therefore represent an excellent model system for dissecting the physiological sequelae of actin filament stabilization on key aspects of cellular plasticity in the brain. So far, histological analyses of the brain of Gsn Ϫ/Ϫ mice have yielded no gross or microscopic anatomic abnormalities (Endres et al., 1999) . We have previously demonstrated antiapoptotic and neuroprotective effects of gelsolin, which can also be harnessed pharmacologically (e.g., by inhibition of histone deacetylation) (Endres et al., 1999; Harms et al., 2004; Meisel et al., 2006; Yildirim et al., 2008) .
In mammals, including humans, neurons are continually generated in two distinct brain regions during adulthood. Hippocampal neurogenesis is locally restricted to the dentate gyrus where newly generated cells remain relatively stable in their position in the granule cell layer . In contrast, olfactory bulb (OB) neurogenesis occurs in a longdistance migratory system spanning several millimeters in the adult rodent forebrain (Ninkovic and Götz, 2007) . This neurogenic system originates in the subventricular zone (SVZ) of the lateral ventricle wall from where neuroblasts migrate via the rostral migratory stream (RMS) to differentiate into interneurons in the olfactory bulb.
We here show that emigration of newly generated cells from the SVZ into the olfactory bulb is reduced in Gsn Ϫ/Ϫ mice. Similarly, in vitro, neural progenitor cells (NPCs) derived from Gsn Ϫ/Ϫ mice showed reduced migratory capacity, whereas neuronal differentiation and proliferation kinetics did not differ between genotypes. In contrast, and unexpectedly, we found that hippocampal neurogenesis is mostly increased in Gsn Ϫ/Ϫ mice. This finding prompted additional investigation into the effects of impaired actin filament turnover on the extracellular milieu, specifically on neurotransmission and on key aspects of the vascular microenvironment, in which neurogenesis takes place.
Materials and Methods

Animals and treatments
All experimental procedures conformed to institutional guidelines and were approved by an official committee. Mice expressing green fluorescent protein (GFP) under nestin gene regulatory elements have been described in detail previously (Yamaguchi et al., 2000; Fukuda et al., 2003; Kronenberg et al., 2003; Glass et al., 2005) . Gsn Ϫ/Ϫ mice were generated as described previously (Witke et al., 1995) . The gsn-null state is not viable in either pure C57BL/6 or BALB/c backgrounds (Witke et al., 1995) . We therefore used gender-matched littermates from a mixed 129/ SV ϫ BALB/c background (Endres et al., 1999; Harms et al., 2004) . Tail snips were used to prepare DNA by standard methods for genotyping (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). All animals were kept on a 12 h light/dark schedule with ad libitum access to food and water. Nucleoside analog 5-bromo-2-deoxyuridine (BrdU) was administered intraperitoneally at a dose of 50 g/g body weight at a concentration of 10 mg/ml .
Cell cultures
Culture methods for neural precursors and the G261 cell line were essentially as described previously . Briefly, the SVZ of 2-to 4-week-old Gsn Ϫ/Ϫ and Gsn ϩ/ϩ mice was microdissected, and neurospheres were cultured in Neurobasal medium supplemented with B27 (both from Invitrogen), 20 ng/ml recombinant human epidermal growth factor (EGF), and 20 ng/ml human recombinant fibroblast growth factor 2 (both from R&D Systems). The ability of cells to generate neurons and glia was routinely checked. For differentiation, neurospheres were spun down, triturated, and dissociated. Dissociated cells were plated on poly-Llysine-coated glass coverslips at a density of 32,000 cells/cm 2 and cultured for 7 d without growth factors.
Matrigel assay
Gsn ϩ/ϩ and Gsn Ϫ/Ϫ neurospheres were seeded into 24-well cell culture plates at the same density. Briefly, neurospheres were spun down and resuspended in 150 l of NeuroCult NSC Basal Medium (StemCell Technologies) with 10% proliferation supplement, 0.0002% heparin, 20 ng/ml EGF, and 10 ng/ml FGF, and embedded in Matrigel (1:1 dilution). After incubation at 37°C for 30 min, an additional 200 l of medium per well was added. Cells were cultured for 20 h. Images of individual neurospheres were taken directly after embedding (0 h) as well as at 20 h. The rim of each neurosphere was defined by the image taken at 0 h. The greatest distance a cell had migrated out of the sphere at 20 h was recorded using LAS software (Leica).
Modified Boyden chamber assay
G261 glioblastoma cells were seeded into 24-well plates at a density of 4 ϫ 10 4 /cm 2 . After 24 h, FluoroBlok inserts (pore size, 8 m; BD Biosciences) were placed into the wells and NPCs (26,000) were added to each top chamber. After 24 h of incubation, the membranes of the inserts were stained with 50 M CFSE dye (Sigma-Aldrich), and then fixed with 4% paraformaldehyde (PFA) and counterstained with 2 M 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich). Migrated cells below the FluoroBlok membranes were visualized using an inverted fluorescence microscope (Leica DMI3000). Rate of NPC migration was calculated by counting cells in 16 random microscope fields of each well (at 200ϫ magnification).
Tissue preparation
After an overdose of anesthetics, animals were transcardially perfused with physiological saline followed by 4% PFA in 0.1 M phosphate buffer, pH 7.4. Brains were dissected from the skulls and postfixed overnight. Before sectioning from a dry ice-cooled copper block on a sliding microtome (Leica), the brains were transferred to 30% sucrose in 0.1 M phosphate buffer, pH 7.4, until they sank. Brains were cut in the coronal plane in 40-m-thick sections. Sections were stored at Ϫ20°C in cryoprotectant solution (25% ethylene glycol, 25% glycerol, and 0.05 M phosphate buffer).
Histological procedures
Sections were stained using free-floating immunohistochemistry and prepared for BrdU detection by incubation with 2N HCl for 30 min at 37°C as described in detail previously . Neurospheres embedded in Matrigel were stained with a preformed complex of primary and secondary antibodies. Primary antibodies were applied in the following concentrations: anti-BrdU (rat; 1:500; Harlan Sera-Lab), anti-calretinin (CR) (rabbit; 1:250; Swant), anti-doublecortin (DCX) (goat; 1:200; Santa Cruz Biotechnology), anti-gelsolin (rabbit; 1:250) (Azuma et al., 1998) , anti-GFAP (rabbit; 1:1000; Dako), anti-S100␤ (rabbit; 1:2500; Swant), anti-NeuN (mouse; 1:100; Millipore Bioscience Research Reagents), and anti-TuJ1 (rabbit; 1:1000; Covance).
Immmunohistochemistry. Immmunohistochemistry followed the peroxidase method with biotinylated secondary antibodies (all 1:500; Jackson ImmunoResearch Laboratories), ABC Elite reagent (Vector Laboratories), and DAB (diaminobenzidine) (Sigma-Aldrich) as chromogen.
Immunofluorescence. For immunofluorescence, FITC-, RhodX-, or Cy5-conjugated secondary antibodies were all used at a concentration of 1:250. Fluorescent sections were coverslipped in polyvinyl alcohol with DABCO (diazabicyclooctane) as antifading agent.
Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling staining. Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) staining was performed with the In Situ Cell Death Detection kit, TMR red (Roche Applied Science), according to the manufacturer's protocol.
Quantification and imaging
Hippocampal cell counts. Hippocampal cell counts were determined in one-in-six series of sections covering the entire hippocampus in its rostrocaudal extension as described previously (Kronenberg et al., , 2007 . Briefly, cells located in the granule cell layer and adjacent subgranular zone, defined as a two-cell bodies-wide zone of the hilus along the base of the granule cell layer were counted (Brown et al., 2003 Synaptosomes were prepared as described previously (Fink et al., 2002a,b) from the neocortex or hippocampus of adult Gsn ϩ/ϩ or Gsn Ϫ/Ϫ mice. Briefly, brain tissue was homogenized using a PotterElvehjem glass homogenizer (800 rpm) in 40 vol (w/v) of 320 mM sucrose. The homogenate was centrifuged (10 min; 1000 ϫ g at 4°C) to remove nuclei and debris. The supernatant was then centrifuged at 12,000 ϫ g for 10 min. The buffy layer of pelleted synaptosomes was resuspended by gentle agitation in Ca 2ϩ -free physiological salt solution (PSS) [composition (in mM): 133 NaCl, 4.8 KCl, 10 HEPES, 1.2 Na 2 HPO 4 , 1.2 MgSO 4 , 10 glucose, pH 7.4]. The synaptosomal suspension (2 ml; ϳ3 mg of protein/ml) was incubated with fura-2 AM (5 M) for 40 min at 37°C with gentle shaking. Fura-2-loaded synaptosomes were centrifuged at 1300 ϫ g, and the pellet was washed with Ca 2ϩ -free PSS and centrifuged again. The pellet was then resuspended and stored on ice until use. Aliquots (200 l) of the washed synaptosomal suspension were diluted with 1.8 ml of PSS (final protein concentration, 125 Ϯ 4 g/ml) containing 1.3 mM CaCl 2 and placed in a quartz cuvette at 37°C. The synaptosomes were kept in suspension with a magnetic stirrer and incubated for 6 min before K ϩ was elevated by 30 mM for membrane depolarization. Fluorescence ( ex ϭ 340/380 nm; em ϭ 510 nm) was measured with a spectrofluorometer (PerkinElmer LS50B). [Ca 2ϩ ] i was calculated according to Grynkiewicz et al. (1985) as described in detail previously (Fink et al., 2002a,b) .
Stimulated release of glutamate and norepinephrine
Brain slices (0.3 mm thick; diameter in neocortex, 2 mm; in hippocampus, 1.5 mm; in striatum, 1 mm) were prepared and incubated for 30 min in a buffer consisting of the following (in mM): 118 NaCl, 4.8 KCl, 25 NaHCO 3 , 1.2 KH 2 PO 4 , 1.3 CaCl 2 , 1.2 MgSO 4 , 11 glucose, 0.06 ascorbic acid, 0.03 disodium EDTA, equilibrated with 95% O 2 and 5% CO 2 . Synaptosomes were prepared by homogenization in 320 mM sucrose, centrifugation at 1000 ϫ g for 10 min, and incubation of 9 ml of the supernatant with 6 ml of Krebs' buffer for 7 min at 37°C. After addition of tritium-labeled norepinephrine ([ 3 H]NE) (50 nM; specific activity, 46.8 Ci/mmol), incubation was continued for 7 min. Labeled synaptosomes were pelleted at 600 ϫ g for 10 min and resuspended in 2.25 ml of ice-cold Krebs' buffer (final protein content, 4656 Ϯ 155 g/ml). Slices or aliquots of synaptosomal suspensions were layered on Whatman GF/C or GF/B filters in chambers and superfused at 0.6 ml/min with Krebs' buffer. Neurotransmitter release was evoked by K ϩ elevation (15 mM to induce glutamate release from neocortical, hippocampal, or striatal slices; 9 -30 mM to induce [ 3 H]NE release from neocortical synaptosomes) for 2 min. The superfusate was continuously collected in 4 min (synaptosomes) or 5 min (slices) fractions. Tritium content of the superfusate fractions was determined by liquid scintillation counting and stimulationevoked tritium overflow calculated as described previously (Fink et al., 1989 (Fink et al., , 1990 ). On completion of measurements, slices were removed from the chambers and weighed. Samples and glutamate standards were subjected to precolumn o-phthaldialdehyde derivatization and fluorometrically determined after HPLC separation.
Western blotting
Tissue was homogenized in 10 l/mg tissue lysis buffer [50 mM Tris/HCl, pH 7.5, 120 mM NaCl, 5 mM EDTA, 0.5% NP-40, 10 mM Na 4 P 2 O 7 , 2 mM Na 3 VO 4 , 100 mM NaF, 1ϫ Protease Inhibitor Complete (Roche), 10 g/ml PMSF, 1 mM DTT], incubated on ice for 20 min, and centrifuged at 10 min, 14,000 rpm at 4°C. For NOS-III Western blotting tissue was homogenized in 50 mM Tris-HCl lysis buffer, pH 7.5, containing 1 mM EDTA, 0.25 M sucrose, 20 mM CHAPS [3-(3-chloramidopropyl)-dimethylammonio-1-propanesulfonate], and Protease Inhibitor Complete (Roche). Crude membranes were prepared by centrifugation at 4°C and 1000 ϫ g for 10 min followed by spinning the supernatant at 100,000 ϫ g for 60 min. Cytosolic fractions were collected, and the final pellet containing the membrane fraction was resuspended in buffer. Protein concentrations were determined by BCA Protein Assay (Pierce). Equal amounts of protein were loaded on 4 -20% or, for NOS-III, 7.5% Tris-HEPES gels (Pierce) and blotted onto PVDF (polyvinylidene difluoride) membrane. Blots were probed with the following antibodies: goat anti-actin (Santa Cruz; 1:2000), rabbit anti-cofilin (Cell Signaling; 1:750), rabbit anti-phospho-cofilin (Cell Signaling; 1:200), rabbit antigelsolin (1:10,000) (Azuma et al., 1998) , rabbit anti-serum response factor (SRF) (Abcam; 1:1000), monoclonal anti-eNOS (BD Biosciences Transduction Laboratories; 1:2500), monoclonal anti-GAPDH (Millipore Bioscience Research Reagents; 1:80,000), monoclonal anti-␣-tubulin (Sigma-Aldrich; 1:5000), donkey anti-goat HRP (Santa Cruz; 1:5000), donkey anti-rabbit HRP (GE Healthcare; 1:5000), goat antimouse HRP (Bio-Rad; 1:10,000), and rabbit anti-mouse HRP (SigmaAldrich; 1:10,000).
Quantification of cerebral neurotransmitter levels
Neurotransmitter levels were analyzed using methods described previously (Chourbaji et al., 2008; Kronenberg et al., 2008) . Briefly, hippocampus, striatum, and olfactory bulb were dissected on a cold plate (Ϫ16°C) according to Franklin and Paxinos (1997) . Serotonin (5-HT) and 5-hydroxyindoleacetic acid (5-HIAA) were analyzed using HPLC with electrochemical detection as described in detail previously (Sperk, 1982) . NE was measured by HPLC with electrochemical detection after extraction to alumina according to a previously published protocol (Felice et al., 1978) with minor modifications (Sperk et al., 1981) . Glutamate, GABA, and taurine were precolumn derivatized with o-phthalaldehyde-2-mercaptoethanol using a refrigerated autoinjector and then separated on an HPLC column (ProntoSil C18 ace-EPS; 50 ϫ 3 mm inner diameter; VDS Optilab) at a flow rate of 0.6 ml/min and a column temperature of 40°C. The mobile phase was 50 mM sodium acetate, pH 5.7, in a linear gradient from 5 to 21% acetonitrile. Derivatized amino acids were de- tected by their fluorescence at 450 nm after excitation at 330 nm (Piepponen and Skujins, 2001 ).
Determination of neurotrophin levels
After decapitation, brains were quickly removed and tissue samples stored at Ϫ80°C until homogenization. Frozen tissue samples were homogenized by ultrasonication in 20 -50 vol of lysing buffer containing 0.1 M Tris-HCl, pH 7.0, 0.4 M NaCl, 0.1% NaN 3 , and a variety of protease inhibitors as contained in Protease Inhibitor Tablets (Complete; purchased from Roche Diagnostics) and was stored at Ϫ80°C until analysis. Endogenous levels of NGF were measured in the rethawed homogenates using a highly sensitive and specific fluorometric two-site ELISA as described in detail previously (Hellweg et al., 1989 (Hellweg et al., , 2003 . Endogenous levels of BDNF were measured using commercial ELISA kits in principle according to the manufacturer's instructions (Promega) but adapted to the fluorometric technique also used for NGF measurements. Neurotrophin levels are given as picograms per milligram of tissue (wet weight).
mRNA isolation and PCRs
Dissected brain regions were stored at Ϫ80°C. Tissues were homogenized, and total RNA was extracted using TRIzol reagent (Invitrogen). For PCR amplification, we used gene-specific primers (Table 1) and Light Cycler FastStart DNA Master SYBR Green I (Roche Diagnostics). PCR conditions were as follows: preincubation, 95°, 10 min; 95°, 15 s, primer specific annealing temperature, 10 s, 72°, 15 s (45 cycles). Crossing points of amplified products were determined using the Second Derivative Maximum Method (Light Cycler, version 3.5; Roche). Quantification of mRNA expression was relative to GAPDH. Specificity of PCR products was checked using melting curve analysis and electrophoresis in a 1.5% agarose gel.
Cerebral blood flow measurements
Cerebral blood flow (CBF) measurements were performed using the 14 C-iodoantipyrine technique under etomidate anesthesia (0.03 mg/kg body weight per minute; Braun) as described previously (Endres et al., 2003; Gertz et al., 2006) .
Density of perfused vessels
Evans blue (Sigma-Aldrich; 2% in saline) was administered intravenously and allowed to circulate for 5 min under etomidate anesthesia. Animals were decapitated and brains cut into 10 m coronal cryostat sections and digitized with a cooled CCD camera (Dage-MTI), which was attached to a fluorescence microscope. Images of whole-brain sections at microscopic resolution were obtained by joining together single camera images using tiled-field mapping software (MCID Elite; InterFocus). Regions of interest were specified with the technique of density slicing, including the setting of target acceptance criteria (Göbel et al., 1990) .
Statistical analyses
Experiments were performed in a blinded manner. Numerical analyses were performed with Statview 5.0.1 for MacIntosh. Values are presented as means Ϯ SEM. Groups were compared by ANOVA with level of significance set at 0.05 and two-tailed p values.
Results
Gelsolin is expressed in adult neural progenitor cells
Gelsolin is widely expressed throughout the CNS, and its expression by neurons is well established (Tanaka et al., 1993; Furukawa et al., 1997; Star et al., 2002; Yildirim et al., 2008) . Here, gelsolin immunoreactivity was studied in transgenic mice expressing the GFP under elements of the nestin promoter that restrict reporter gene expression to neural tissue (Yamaguchi et al., 2000; Fukuda et al., 2003; Kronenberg et al., 2003) . Nestin is an intermediate filament protein of neural stem and progenitor cells (Lendahl et al., 1990) . Nestin-GFP mice have been used extensively as a tool to characterize NPCs in the adult brain (Filippov et al., 2003; cells in both neurogenic areas ( Fig. 1 A, B) . Western blot analysis verified lack of gelsolin in Gsn Ϫ/Ϫ cortex and hippocampus (Fig.  1C) . Immunocytochemistry of cultured NPCs derived from Gsn ϩ/ϩ mice revealed gelsolin immunoreactivity in processes and cell bodies. In contrast, NPCs from Gsn Ϫ/Ϫ mice lacked gelsolin expression (Fig. 1 D) .
Increased hippocampal neurogenesis in Gsn
؊/؊ mice Net hippocampal neurogenesis was assessed 4 weeks after a 7 d course of daily intraperitoneal BrdU injections in young adult (4 -5 months) Gsn Ϫ/Ϫ mice and littermate controls. In this injection paradigm, BrdU counts reflect a combination of initial proliferation and subsequent survival of newly generated cells. BrdU cell counts in the hippocampal dentate gyrus were significantly increased in Gsn Ϫ/Ϫ compared with wild-type mice (319.2 Ϯ 33 vs 85.2 Ϯ 10.8; F (1,18) ϭ 45.3; p Ͻ 0.0001). Since the overall number of BrdU-labeled cells was very low, only 25 (wild type) or 50 (Gsn Ϫ/Ϫ ) BrdU ϩ cells were used for additional phenotypic analysis, respectively ( Fig. 2A,B) . The majority of cells analyzed showed colabeling for neuronal marker NeuN with no apparent difference between groups (Gsn Ϫ/Ϫ , 77 Ϯ 3.1%; wild type, 72.6 Ϯ 4.5%). Net neurogenesis, gliogenesis, and production of undetermined cells are derived by multiplying the numbers of BrdUlabeled cells by the ratio of phenotypes for each animal. Since BrdU cell counts were significantly increased in Gsn Ϫ/Ϫ mice, net neurogenesis and net gliogenesis (i.e., generation of S100␤ ϩ astrocytes) were also significantly increased in Gsn Ϫ/Ϫ animals (F (1,18) ϭ 31.5, p Ͻ 0.0001; F (1,18) ϭ 11, p Ͻ 0.01, respectively).
DCX of DCX ϩ cells was significantly increased (approximately fivefold) in Gsn Ϫ/Ϫ mice compared with wild-type controls (F (1,18) ϭ 151.7; p Ͻ 0.0001) and, across groups, showed a strong positive correlation with net neurogenesis (r ϭ 0.9; F (1,18) ϭ 79.1; p Ͻ 0.0001).
The increase in hippocampal neurogenesis is preserved in aged Gsn
؊/؊ mice Animals were 14 -16 months at the time of killing. DCX-immunoreactive cells and the number of CR-immunoreactive cells were used as surrogate markers of neurogenesis (Fig. 2C,D) (Kempermann et al., 2004; Kronenberg et al., 2007 Kronenberg et al., , 2008 . Both the number of DCX ϩ cells and the number of CR ϩ cells were robustly increased in gelsolin-deficient animals compared with wild-type controls (Fig. 2C,D 
Slowed migration of newly generated cells through the rostral migratory stream in Gsn
؊/؊ mice Olfactory bulb neurogenesis occurs in a migratory system that originates in the subventricular zone of the lateral ventricle wall from where neuroblasts migrate via the RMS into the OB.
BrdU pulse chase experiments yielded qualitative evidence of slowed in vivo migration of newly generated cells through the rostral migratory stream in Gsn Ϫ/Ϫ mice ( Fig. 3A-D) . At 10 d after a 5 d course of daily intraperitoneal BrdU injections, the majority of newly generated cells had already left the first half of the RMS close to the lateral ventricle in Gsn ϩ / ϩ mice (Fig. 3A) . In contrast, in Gsn Ϫ/Ϫ mice investigated at this time point, many BrdU ϩ cells were still detectable at the beginning of the RMS (Fig.  3B) . Similarly, 17 d after a 5 d course of daily intraperitoneal BrdU, only few BrdU ϩ cells were still detectable in the horizontal limb of the RMS in Gsn ϩ / ϩ mice (Fig. 3C) . Again, in Gsn Ϫ/Ϫ mice investigated at this later time point, more newly generated cells were observed at the beginning and in the horizontal limb of the RMS (Fig. 3D ) (n ϭ 3 animals per genotype per time point; not quantitatively analyzed). The majority of newly generated neurons in the olfactory bulb are GABAergic interneurons (Lois and Alvarez-Buylla, 1994; Gage, 2002; Hack et al., 2005; Kohwi et al., 2007; Parrish-Aungst et al., 2007) . We therefore measured GABA tissue concentrations in olfactory bulb of Gsn ϩ/ϩ and Gsn Ϫ/Ϫ mice (n ϭ 5 animals per group). GABA levels (picomoles/milligram tissue) did not differ significantly between genotypes (Gsn ϩ/ϩ , 7.99 Ϯ 0.26; Gsn Ϫ/Ϫ , 7.31 Ϯ 0.38). Furthermore, we did not detect gross anatomic abnormalities of the olfactory bulb or of DCX immunoreactivity in the rostral migratory stream in Gsn Ϫ/Ϫ compared with Gsn ϩ/ϩ mice (Fig. 3 E, G , 3.9 Ϯ 0.4; n ϭ 4 animals per group) (Fig. 3F) . Finally, 30 d after a 7 d course of daily intraperitoneal BrdU injections, using an unbiased stereological approach, BrdU ϩ cells were quantified in the olfactory bulb and in the wall of the lateral ventricle of young adult Gsn Ϫ/Ϫ mice and littermate controls. In Gsn Ϫ/Ϫ mice, the number of BrdU-labeled cells was significantly increased in the lateral ventricle wall (Fig. 4 A, B ) in parallel with a significantly reduced number of BrdU ϩ cells in the olfactory bulb (Fig. 4C,D) .
Gelsolin-deficient neural progenitor cells exhibit reduced migratory capacity in culture
Additional investigation of the role of gelsolin in mediating NPC motility led to a series of in vitro assays. We measured cell migration out of adult neurospheres seeded in 50% Matrigel during a 20 h period (Fig. 5) . Immunohistochemistry confirmed nestin expression in cells migrating outward at this time point (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). NPCs derived from Gsn Ϫ/Ϫ compared with Gsn ϩ/ϩ mice exhibited significantly reduced migration distances (in micrometers) (Gsn ϩ/ϩ , 206.0 Ϯ 14.1; Gsn Ϫ/Ϫ , 59.0 Ϯ 9.9; F (1,23) ϭ 70.4; p Ͻ 0.0001) (Fig. 5) .
Attraction of neural progenitors to glioma cells is well established (Glass et progenitor cell migration in a Boyden chamber assay. Twentyfour hours after G261 cells had been seeded into 24-well plates, Transwell inserts were placed into the wells and NPCs added to the upper chamber. Again, rate of NPC migration across the Transwell assessed 24 h after incubation was significantly reduced by gelsolin deficiency (in number of migrated cells) (Gsn ϩ/ϩ , 389.2 Ϯ 41.7; Gsn Ϫ/Ϫ , 192.7 Ϯ 25.3; F (1,10) ϭ 16.3; p Ͻ 0.01). Together, these results indicate that lack of gelsolin directly impairs the migratory capacity of adult neural progenitors. In contrast, we did not detect significant differences in the growth and differentiation characteristics of adult neural progenitors derived from Gsn ϩ/ϩ and Gsn Ϫ/Ϫ mice (Fig. 6 ). The percentage of cells expressing neuronal marker TuJ-1 at 7 d after dissociation and plating in differentiation conditions did not differ significantly between genotypes (Fig. 6 A, B) . Furthermore, gelsolin deficiency did not affect proliferation kinetics of NPCs in vitro (summarized in Fig. 6C ).
Gelsolin deficiency confers increased synaptosomal Ca
2؉ influx and increased exocytotic neurotransmitter release
In the hippocampus, excitation directly promotes neurogenesis from adult neural progenitor cells ("excitation-neurogenesis coupling") (Deisseroth et al., 2004; Tozuka et al., 2005; Suzuki et al., 2006; Whitney et al., 2008) . Here, we investigated Ca 2ϩ influx in neocortical and hippocampal synaptosomes (Fig. 7) (Fig. 7 A, B) . Cytochalasin D is a cell-permeable mycotoxin that, similar to gelsolin, disrupts actin filaments and inhibits actin polymerization. Cytochalasin D (1 M) treatment decreased the enhanced Ca 2ϩ influx observed in Gsn Ϫ/Ϫ hippocampal synaptosomes under control conditions to the levels observed in Gsn ϩ/ϩ synaptosomes (Fig. 7B) . These results indicate that the effects of gelsolin deficiency on synaptosomal Ca 2ϩ influx are mediated by actin filament stabilization.
Next, we analyzed the functional consequences of increased Ca 2ϩ influx into gelsolin-deficient presynaptic terminals. Synaptosomal NE release represents a reliable and robust parameter for the analysis of exocytotic function (Fink et al., 1990; Dry et al., 1991; Pittaluga and Raiteri, 1992 synaptosomes was 18 -42% higher than the amount released from Gsn ϩ/ϩ synaptosomes (Fig. 8A) (Fig. 8B) . Together, these results show that reduced F-actin turnover in gelsolin-deficient presynaptic terminals causes increased Ca 2ϩ influx and, subsequently, elevated exocytotic neurotransmitter release.
Glutamate is the most abundant excitatory neurotransmitter in hippocampus. Changes in glutamate release and reuptake are therefore indicative of profound alterations of activity in hippocampal networks in general. We studied whether reduced actin turnover by gelsolin deficiency would impact the efflux of glutamate from superfused brain slices ( Fig. 8C-E) after K ϩ depolarization (15 mM). Indeed, K ϩ -induced release of glutamate from neocortical, hippocampal, and striatal brain slices was significantly increased by gelsolin deficiency.
We also investigated global tissue levels of a variety of neurotransmitters such as glutamate, GABA, dopamine, NE, 5-HT, and degradation products in hippocampus of Gsn ϩ/ϩ and Gsn Ϫ/Ϫ mice. We did not detect significant differences between genotypes in any of the neurotransmitters investigated ( Table 2 ), indicating that the biosynthesis of neurotransmitters is not majorly affected by gelsolin deficiency in vivo.
Dephosphorylation of cofilin in Gsn
؊/؊ mice Remodeling of the actin cytoskeleton is essential for cellular processes such as membrane trafficking, morphogenesis, and migration (Giganti and Friederich, 2003; Gourlay and Ayscough, 2005) . Like gelsolin, cofilin is an actin-binding protein that promotes disassembly of actin filaments (Loisel et al., 1999) . In line with a previous study, we found that total cofilin levels in brain did not differ between genotypes (Furukawa et al., 1997) . However, we here show that phosphorylated cofilin, which lacks actin depolymerizing activity (Bamburg, 1999) , is reduced in Gsn Ϫ/Ϫ mice (Fig. 9) . Dephosphorylation of cofilin in Gsn Ϫ/Ϫ mice was not related to changes of either SRF or actin protein levels. mRNA levels of SRF target genes actin and srf also did not differ between Gsn Ϫ/Ϫ and Gsn ϩ/ϩ mice (data not shown).
Increased NGF content in hippocampus of Gsn
؊/؊ mice NGF plays a key role in neuronal motility and migration. Specifically, extracellular NGF has been shown to increase F-actin levels and to lead to dephosphorylation of cofilin (Melamed et al., 1995; Meberg et al., 1998; Yoshizawa et al., 2005; Endo et al., 2007) . NGF has also been demonstrated to increase adult hippocampal neurogenesis (Frielingsdorf et al., 2007) . We therefore studied NGF expression at the protein level using an ELISA (Fig. 10) . Tissue concentrations of NGF were significantly increased in brains of Gsn Ϫ/Ϫ mice. In contrast, hippocampal BDNF concentrations and basic fibroblast growth factor (bFGF) mRNA expression in hippocampus did not differ between Gsn ϩ/ϩ and Gsn Ϫ/Ϫ mice (data not shown).
Increased endothelial nitric oxide (NOS-III) expression, increased regional cerebral blood flow, and increased density of perfused microvessels in hippocampus of Gsn ؊/؊ mice The microanatomy of hippocampal neurogenesis in rodents suggests that a distinct neurovascular environment contributes to the growth of new neurons (the "vascular niche") (Palmer et al., 2000; Fabel et al., 2003a,b) . NOS-III is a key regulator of vascular tone, remodeling, and angiogenesis (Sessa, 2004) . In vitro, absence of NOS-III decreases neurosphere formation and progenitor cell proliferation (Chen et al., 2005) . Hippocampal NOS-III expression was increased in Gsn Ϫ/Ϫ mice both at the mRNA and protein levels (Fig. 11 A, B) . Importantly, membrane-bound NOS-III was significantly increased in hippocampal homogenates of Gsn Ϫ/Ϫ mice (Fig. 11 B) . In parallel, both absolute regional CBF (rCBF) and density of perfused microvessels were significantly increased in hippocampus of Gsn Ϫ/Ϫ compared with Gsn ϩ/ϩ mice (Fig. 11C) . A specialized vascular niche in which dividing stem cells and their transit-amplifying progeny are tightly apposed to the vasculature has recently also been described in the adult SVZ (Tavazoie et al., 2008) . Interestingly, absolute regional cerebral blood flow in the vicinity of the lateral ventricle wall was also significantly increased in Gsn Ϫ/Ϫ mice (supplemental Fig. 3 , available at www. jneurosci.org as supplemental material).
Discussion
This study yielded the following major findings: (1) Actin filament stabilization elicited a strong increase in net hippocampal neurogenesis. (2) Migration of neural progenitors from the SVZ into the olfactory bulb was slowed in Gsn Ϫ/Ϫ mice. However, the level of apoptosis in the RMS was not affected by gelsolin deficiency. (3) In vitro, NPCs derived from Gsn Ϫ/Ϫ mice showed impaired migratory capacity, whereas neuronal differentiation and proliferation kinetics did not differ between genotypes. (4) Depolarization-induced [Ca 2ϩ ] i levels were increased in presynaptic terminals derived from Gsn Ϫ/Ϫ mice. Consequently, exocytotic neurotransmitter release was enhanced by gelsolin deficiency, which is in line with the hypothesis that excitation stimuli promote neurogenesis (Deisseroth et al., 2004; Tozuka et al., 2005) . (5) Neurogenesis occurs in association with neovasculature (the "vascular niche for neurogenesis") (Palmer et al., 2000; Louissaint et al., 2002; Newton et al., 2003; Tavazoie et al., 2008) . In Gsn Ϫ/Ϫ animals, increased numbers of BrdU ϩ cells in the lateral ventricle wall and in the dentate gyrus were observed in the context of elevated regional cerebral blood flow. In hippocampus, this was accompanied by significantly increased NOS-III transcription and, at the protein level, significantly increased expression of NOS-III in membrane fractions.
In our genetic system, gelsolin deficiency resulted in a relatively mild phenotype. The gsn-null state thus did not involve ventricular enlargement or a severe broadening of the subventricular zone such as have been described in the case of conditional srf deletion (Alberti et al., 2005) . A special role for NGF and cofilin in regulating neuronal actin dynamics has been described (Collins, 1984; Meberg et al., 1998; Lanier and Gertler, 2000; Montani et al., 2009) . Specifically, extracellular NGF promotes neuronal migration (Yoshizawa et al., 2005) and leads to actin filament depolymerization via cofilin dephosphorylation (Endo et al., 2007) . Increased levels of extracellular NGF have also been shown to promote hippocampal neurogenesis (Frielingsdorf et al., 2007) . We detected dephosphorylation (i.e., activation) (Niwa et al., 2002) of cofilin and increased NGF levels in Gsn Ϫ/Ϫ brains. In contrast, hippocampal BDNF concentrations and bFGF mRNA expression did not differ between genotypes. Although gelsolin is a target gene of SRF (Alberti et al., 2005) , gelsolin deficiency did not cause a counterregulatory upregulation of SRF protein expression. Also, transcription of SRF target genes srf and ␤-actin was not induced in Gsn Ϫ/Ϫ mice. Our observation of reduced progenitor migration fits well with previous reports that demonstrate reduced migratory capacity of Gsn Ϫ/Ϫ fibroblasts and neutrophils (Witke et al., 1995; Azuma et al., 1998) . Whereas impaired actin filament turnover resulted in impaired migration of NPCs in vitro, our data indicate that gelsolin deficiency does not directly affect proliferation and neuronal differentiation of NPCs. NPCs make up only a small proportion of the cells in the adult CNS. We therefore investigated more general mechanisms of how gelsolin deficiency might shape the extracellular milieu such as to promote hippocampal neurogenesis. We propose two complementary mechanisms: (1) increased exocytotic neurotransmitter release onto neural progenitor cells and (2) a special vascular microenvironment.
While providing structural support, the actin cytoskeleton also modulates ion channel function. For example, voltagedependent Ca 2ϩ and NMDA channel activities decrease on actin depolymerization (Johnson and Byerly 1993; Rosenmund and Westbrook 1993; Akopian et al., 2006) . Conversely, primary hippocampal neurons cultured from mice lacking gelsolin exhibit enhanced Ca 2ϩ influx after exposure to glutamate (Furukawa et al., 1997 influx and neurotransmitter release because they retain the machinery for the uptake, storage, and exocytosis of neurotransmitters (Fink et al., 2002a; Baldwin et al., 2003) . Ca 2ϩ release from intrasyn- ] i increase (Mulkey and Zucker, 1991) . [Ca 2ϩ ] i increase after depolarization was elevated in Gsn Ϫ/Ϫ synaptosomes. Importantly, disruption of F-actin by cytochalasin D reduced this additional Ca 2ϩ influx in Gsn Ϫ/Ϫ synaptosomes to the level observed in untreated synaptosomes derived from Gsn ϩ/ϩ mice. Next, we show that gelsolin deficiency increases exocytotic neurotransmitter release from presynaptic terminals. Again, the effects of gelsolin deficiency were directly attributable to impaired actin filament turnover as demonstrated by the fact that treatment with cytochalasin D reduced the enhanced norepinephrine release observed in Gsn Ϫ/Ϫ synaptosomes to wild-type levels. Since exocytotic neurotransmitter release is primarily dependent on Ca 2ϩ influx (Pastuszko et al., 1984; Hori et al., 1985; Nicholls and Sihra, 1986; Duarte et al., 1993 ; Engisch and Nowycky, 1996), our observations are likely generalizable to other neurotransmitter systems in Gsn Ϫ/Ϫ brain. We note that actin filament stabilization may potentially also interfere with neuronal or glial reuptake mechanisms, which might further contribute to increased extracellular neurotransmitter concentrations on stimulation.
Considerable evidence has accumulated to support the concept that adult neurogenesis is regulated by network activity (Cameron et al., 1995; Blümcke et al., 2001; Bruel-Jungerman et al., 2006) . Specifically, the ability of neural progenitors to sense excitation and thereby implement coupling between network activity and neurogenesis has been established. However, so far, different neurotransmitters have been implicated in this process (Deisseroth et al., 2004; Tozuka et al., 2005; Suzuki et al., 2006; Whitney et al., 2008) . In an elaborate in vitro system favoring neuronal differentiation of adult NPCs, Deisseroth et al. (2004) found glutamatergic excitation driving neuronal differentiation. In contrast, electrophysiological recordings in fresh murine hippocampal slices recently demonstrated that transiently proliferating neural progenitors receive direct GABAergic, but not glutamatergic, input from hilar interneurons (Tozuka et al., 2005; Wang et al., 2005) . Our data suggest that, in Gsn Ϫ/Ϫ mice, increased amounts of neurotransmitter vesicles are exocytotically released onto NPCs resulting in their subsequent enhanced excitation. Importantly, since release of GABA from hippocampal GABAergic interneurons is induced by multiple neurotransmitters including glutamate (Matsuyama et al., 1997; Katona et al., 1999; Nishikawa et al., 2005; Tozuka et al., 2005) , the ultimate effects of gelsolin deficiency on excitation of NPCs may integrate individual effects on a number of different neurotransmitter systems. Our results highlight the importance of increased neurotransmission onto NPCs in Gsn Ϫ/Ϫ hippocampus. An additional contributing mechanism not further explored here may be that, in situ, because of reduced rundown of voltage-dependent calcium currents, Gsn Ϫ/Ϫ NPCs themselves also display special susceptibility to excitation inputs from the extracellular milieu.
NOS-III is a key regulator of vascular tone, remodeling, and angiogenesis (Sessa, 2004) . In vitro, an absence of NOS-III decreases neurosphere formation and progenitor cell proliferation (Chen et al., 2005) . Similarly, a decrease in hippocampal neurogenesis has been demonstrated in NOS-III-deficient mice (Reif et al., 2004) . Here, we show that hippocampal NOS-III expression is increased in Gsn Ϫ/Ϫ mice. For activation, NOS-III is cotranslationally and posttranslationally acylated, which allows membrane association. Membrane-bound NOS-III was also significantly increased in hippocampal homogenates of Gsn Ϫ/Ϫ mice, indicating a higher amount of fully functional NOS-III in hippocampus. In parallel, both absolute rCBF and density of perfused microvessels were significantly increased in hippocampus of Gsn Ϫ/Ϫ compared with Gsn ϩ/ϩ mice. Interestingly, an additional analysis of rCBF in the vicinity of the lateral ventricle wall also showed an inducing effect of gelsolin deficiency on blood flow in this area.
Disruption of the actin cytoskeleton has been shown to increase NOS-III activity in cultured pulmonary artery endothelia (Kondrikov et al., 2006) . Similarly, we have previously demonstrated increased NOS-III expression and activity in mouse aorta on treatment with cytochalasin D (Laufs et al., 2000) . The observation of increased NOS-III expression in hippocampus of Gsn Ϫ/Ϫ mice is counterintuitive and in apparent discrepancy to these previous reports. Indeed, NOS-III expression in aorta is also decreased in Gsn Ϫ/Ϫ mice (Laufs et al., 2000) . However, tissue-and cell-specific effects of actin filament stabilization have to be considered. In addition to vascular endothelium, neurons may serve as a major source of NOS-III in the brain. Notably, nitric oxide contributes widely to synaptic plasticity (Garthwaite and Boulton, 1995; Hopper and Garthwaite, 2006) . Activation of VDCC couples excitation to gene expression. In neurons, cAMP response element-binding protein (CREB) plays a crucial role in this "excitation-transcription" coupling (Dolmetsch et al., 2001; Lonze and Ginty, 2002; Carlezon et al., 2005) . The NOS-III promoter contains a cis-acting sequence for CREB (Niwano et al., 2003) . Accordingly, actin stabilization will likely contribute to increased NOS-III expression via reduced current rundown in hippocampal neurons of Gsn Ϫ/Ϫ mice. In line with this interpretation, increased neuronal NOS-III expression has previously been demonstrated at early time points after kainic acid-induced seizures (Kim et al., 2000) . Similarly, excitation-transcription coupling may also contribute to enhanced hippocampal NGF content in Gsn Ϫ/Ϫ mice. A critical role for CREB in mediating NGF gene expression in the CNS has recently been established (McCauslin et al., 2006) . In summary, actin stabilization by gelsolin deficiency causes slowed emigration of progenitors from the SVZ into the olfactory bulb but increased hippocampal neurogenesis. We here identify increased exocytotic neurotransmitter release and a special vascular environment characterized by enhanced hippocampal NOS-III expression as key factors underlying increased hippocampal neurogenesis in Gsn Ϫ/Ϫ mice.
